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The introductionof sprayingprocedures to fabricate layer-by-layer (LbL)ﬁlmshasbroughtnewpossibilities for the con-
trol of molecular architectures and for making the LbL technique compliant with industrial processes. In this study we
show that signiﬁcantly distinct architectures are produced for dipping and spray-LbL ﬁlms of the same components,
which included DODAB/DPPG vesicles. The ﬁlms differed notably in their thickness and stratiﬁed nature. The electrical
responseof the two types ofﬁlms to aqueous solutions containingerythrosinwas also different.Withmultidimensional
projectionsweshowed that the impedance for theDODAB/DPPGspray-LbLﬁlm ismore sensitive to changes in concen-
tration, being thereforemorepromising as sensingunits. Furthermore,with surface-enhancedRaman scattering (SERS)
we could ascribe the high sensitivity of the LbL ﬁlms to adsorption of erythrosin.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The control of molecular architecture is crucial for many applica-
tions of organic ﬁlms, particularly because synergy may be sought
upon combining distinct materials in the same ﬁlm [1,2], being
also a key feature of the layer-by-layer (LbL) technique [3,4]. The
synergy achieved in LbL ﬁlms has been extensively exploited in var-
ious applications, including sensing and biosensing [1,5], as the
mild conditions are required for ﬁlm fabrication and the retention
of entrapped water are essential for the successful immobilization
of biomolecules [5,6]. For instance, judicious combinations of dis-
tinct materials for electronic tongues (e-tongues) [1,5,7,8] have
allowed detection of analytes down to nanomolar concentrations or
below [9,10], in addition to the diagnosis of diseases [11–14] and in
food control [15]. In many such cases, altering the order at which the
different materials are adsorbed or even the number of layers affects
considerably the ﬁlm response [5,9,16].
The recent variation of the LbL technique based on spraying [17–22]
has brought new possibilities, since the fast procedure makes it probably
compliant with industrial processes. With spraying one may obviate one
practical limitation of dipping LbL ﬁlms, which require long periods of
time for complete layer adsorption and normally coat small areas.
Spraying is claimed to speed up the LbL process up to 500 times due to
the immediate contact between the surface and the approaching sprayed
material [18]. Spray-LbLﬁlms have been used for fabricating electrodes in
high power and energy devices [23], solar cells [24], double-layer anti-
reﬂection ﬁlms [25], cotton ﬁbers for ﬂame retardancy [26], deposition
of colloidal nanoparticles [27,28], polysaccharides [29] and conducting
polymers [30,31].
An additional feature of the spray-LbL ﬁlms is that the molecular
architecture may differ from the corresponding dipping-LbL ﬁlms
[32], which calls for further research both in terms of ﬁlm character-
ization as well as in the identiﬁcation of novel applications. In this
paper, we build upon a previous work [32] where dipped- and
spray-LbL ﬁlms containing phospholipid vesicles were compared,
and investigate the molecular architectures of DODAB/DPPG LbL
ﬁlms. Using a combination of experimental methods, we shall show
that the molecular architecture of spray-LbL ﬁlms differs consider-
ably from that of dipping LbL ﬁlms. Because it is known that sensing
units built with the same materials but different processing tech-
niques may display different electrical responses, we correlate the
type of LbL ﬁlm with the ability to detect trace amounts of xanthene
derivative erythrosin in water through impedance spectroscopy
measurements. Our interest in the dye erythrosin arises from its ver-
satile use, spanning from lasing action [33], photodynamic therapy
(PDT) [34] to food industry [35,36], especially because in the latter
its waste represents an environmental issue.
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2. Experimental section
2.1. Reagents and solutions
The anionic phospholipid DPPG [1,2-dipalmitoil-sn-3-glicero-
fosfo-rac-(1-glycerol)] was purchased from Genzyme Pharmaceuti-
cals. The cationic lipid DODAB (dioctadecyldimethylammonium
bromide), the anionic poly(sodium 4-styrenesulfonate) (PSS), the
cationic poly(allylamine hydrochloride) (PAH) and xanthene eryth-
rosin, were acquired from Sigma-Aldrich Co. All chemicals were
used without further puriﬁcation. The molecular weights of DPPG,
DODAB, PAH, PSS and erythrosin are 744.95; 630.95; 15,000;
70,000; and 835.89 g/mol, respectively, and their molecular structures
are shown in Fig. 1. The spray-LbL ﬁlms were fabricated from DPPG
and DODAB aqueous dispersion using ultrapure water (18.2 MΩ·cm
and pH 5.6) obtained from a Milli-Q system, model Simplicity. The
DPPG dispersion at 0.74 mg/mL (1.0 mM) was prepared by adding
ultrapure water at room temperature (22 °C) to the powder, under
gentle stirring. The 0.63 mg/mL (1.0 mM) concentration of DODAB
dispersion was prepared following the methodology by Feitosa
et al. [37]: DODAB powder was added to ultrapure water and the
mixture was heated under stirring to 60 °C (above DODAB fusion
temperature, Tm≈ 45 °C) for a few minutes. Then, the DODAB disper-
sion was cooled to room temperature (22 °C). The cast ﬁlms reported
here were prepared by dropping the desired solution (ca. 1 mL) onto
the substrate, which was left to dry under room temperature.
2.2. Layer-by-layer ﬁlm fabrication
2.2.1. Dipping-LbL ﬁlms
The DODAB/DPPG dipping-LbL ﬁlms were grown upon adapting
the experimental procedure reported in [38]. The substrate was
immersed into distinct solutions according to the following
sequence: DODAB dispersion (3 min) → ultrapure water gently
stirred to remove non-adsorbed DODAB (1 min)→ DPPG disper-
sion (3 min) → ultrapure water to remove non-adsorbed DPPG
(1 min). With this procedure the ﬁrst DODAB/DPPG bilayer was
formed, and multilayers were obtained by repeating this four-
step sequence.
2.2.2. Spray-LbL ﬁlms
The deposition of (DODAB/DPPG)n spray-LbL ﬁlms was performed
by spraying DODAB and DPPG dispersions alternately using the ex-
perimental setup described in ref. [32], which consisted of an air-
brush spray, model BD-123A from LEEpro tollswith a nozzle of 0.3 mm
diameter and 7 mL of ﬂuid cup capacity. For spraying deposition, a per-
pendicular orientation was adopted between the spray axis and the
coating surface, being 30 cm apart from each other. The airbrush sprays
were ﬁlled with DODAB and DPPG dispersions alternately using a con-
stant pressure of 10 psi during 2 s. A valve regulator was used to control
the spraying pressure from the compressor. These parameters were
chosen after testing different combinations involving spraying pressures,
spraying times, with and without rinsing steps [32]. The ﬁnal setup
allows for spraying solutions to form a thin layer on the desired surface,
which dries within a few seconds.
The number of spraying (or dipping) bilayers and the type of sub-
strate were chosen according to the characterization technique. For
instance, ﬁlms were grown onto quartz plates for UV–Vis extinction
spectroscopy, onto AT-cut quartz crystal coated with Au plates for
quartz crystal microbalance (QCM) measurements, onto Ge for Fou-
rier transform infrared spectroscopy (FTIR), onto glass thermally
treated (600 °C for 2 h) for atomic force microscopy (AFM), and
onto interdigitated Pt electrodes for impedance spectroscopy. The
substrates were previously cleaned using neutral detergent, being
sequentially and extensively washed in distilled water, acetone
(5 min sonication), chloroform (5 min sonication), and ultrapure
water. This procedurewas sufﬁcient to prepare substrate surfaces with-
out drastic treatments such as with the use of piranha solution.
2.3. Characterization techniques
The growth of LbL ﬁlms (spray and dipping) was monitored via UV–
Vis extinction spectroscopy using a Varian spectrophotometer; model
Cary 50, from 190 to 1100 nm, and via mass adsorption using a quartz
crystal microbalance Stanford Research Systems Inc., model QCM 200.
Shifts in frequency were continuously monitored with time and the
mass gain (Δm, in grams) was obtained using the Sauerbrey equa-
tion [39]: ΔF = (−2.3 × 106 F02Δm)/A, where ΔF is the frequency shift
(in Hz), F0 is the resonance frequency (without coating, in MHz), and
A is the electrode area (0.4 cm2). The FTIR spectra were taken using a
Bruker spectrometer, model Vector 22, equipped with a DTGS detector.
The morphology was characterized through AFM using a Nanosurf In-
strument model easyScan 2, with a tip of silicon nitride and using the
tapping mode. All images were collected with high resolution (512
lines per scan) at a scan rate of 0.5 Hz. The images were processed
with the software Gwyddion 2.19. The micro-Raman scattering experi-
ments were conducted with a micro-Raman Renishaw spectrograph,
model inVia, with laser excitation at 633 nm. The system is equipped
with a Leica microscope, whose 50× (NA 0.75) objective lens allows
for collecting the spectra with ca. 1 μm2 spatial resolution. Single-
point spectra were recorded with 4 cm−1 resolution and 10 s accumu-
lation time, whereas two dimensional (2D) mapping results were col-
lected through the rastering mode by using a computer-controlled
motorized stage (XY).
Impedance spectroscopy measurements were carried out with a
Solartron 1260A impedance analyzer. The sensing array comprised 6
sensing units: a bare Pt interdigitated electrode and Pt interdigitated
electrodes coated with 5 bilayers of the following LbL ﬁlms: dipping
PAH/PSS, spray PAH/DPPG, dipping PAH/DPPG, spray DODAB/DPPG
and dipping DODAB/DPPG. The bare Pt electrode was used to monitor
any change in the electrical response caused by ultrathin ﬁlms. The de-
tails of fabrication of dipping and spray-LbL ﬁlms of PAH/DPPG can be
found in ref. [32]. Impedance spectra were acquired from 1 Hz to
1 MHz using 50 mV of amplitude, with the data analyzed in terms of
real capacitance. Three consecutive measurements were performed
with sensing units immersed into ultrapure water (18.2 MΩ·cm)Fig. 1.Molecular structures of PAH (mer), PSS (mer), DPPG, DODAB and erythrosin.
364 P.H.B. Aoki et al. / Materials Science and Engineering C 41 (2014) 363–371
used as reference and into erythrosin aqueous solutions at 10−9, 10−7,
10−6,10−5 and 10−4 M. The course of measurements starts with ultra-
purewater, and then from the lowest (10−9M) to the highest (10−4M)
erythrosin concentrations. Between each set of measurements involv-
ing a speciﬁc concentration of erythrosin, the sensing units were care-
fully washed with ultrapure water. The sensing units were left soaked
at 20 min inside the solutions before data acquisition to enable a stable
reading [40].
2.4. Data analysis with multidimensional projections
In recent years several innovations have been implemented in
sensing and biosensing, since researchers increasingly obtain large
amounts of data in their experiments, as it is discussed in Oliveira
et al. [7]. Among themethods used for analysis are the so-called mul-
tidimensional projections, the most widely used being Principal
Component Analysis (PCA) [41]. PCA is a multivariate statistical
analysis employed to ﬁnd patterns in data [41]. In this paper, the im-
pedance spectroscopy data for the various sensing units immersed
into aqueous solutions with different concentrations of erythrosin
were treated with PCA and another multidimensional projection
technique, referred to as Sammon's mapping [42]. In these methods
data from the original space – in our case the impedance (or capacitance)
vs. frequency curve – are mapped onto a 2D plot in an attempt to place
data points from similar samples close to each other. For Sammon'smap-
ping, this is performedwith an optimization procedure, as follows. Let the
data set be represented by X = {x1,x2,…,xn}, with δ(xi, xj) being the dis-
similarity (distance) between two data instances i and j. The graphical
markers corresponding to X projected on the plane are represented by
Y = {y1,y2,…,yn}, determined through an injective function f: X→ Y
that minimizes |δ(xi, xj) − d(f(xi),f(yj))| ≈ 0, ∀xi, xj ∈ X [43], where
d(yi,yj) is the distance function on the projected plane. For Sammon's
mapping, the error function used in the minimization is given as:
SSam ¼
1X
ib j
δ xi; xj
 X
d yi; yj
 
−δ xi; xj
  2
δ xi; xj
 
where δ and d are the distance functions deﬁned above.
3. Results and discussion
3.1. Monitoring the growth of DODAB/DPPG dipping- and spray-LbL ﬁlms
A similar, linear growthwas observed for the dipping- and spray-LbL
ﬁlms of (DODAB/DPPG)n, according to the UV–Vis extinction and
QCM data in Fig. 2. The average mass deposited per bilayer is higher
for the spray-LbLmethod (0.28 μg) than using the dipping-LbLmeth-
od (0.17 μg), though the absorbance and mass are slightly higher for
dipping-LbL ﬁlms, since they are deposited on both sides of the sub-
strate, in contrast to the deposition on only one side for the spray LbL
ﬁlms. The more efﬁcient adsorption for the spray-LbL method is consis-
tent with previous work for dipping- and spray-LbL ﬁlms of PAH/DPPG
[32]. The details of the QCM data for monitoring LbL ﬁlm growth are
given in Fig. S1 in the Supporting Information.
FTIR absorption spectroscopy was used to investigate possible in-
teractions between DPPG and DODAB layers, which may govern ﬁlm
growth. The FTIR spectra are shown in Fig. S2, with the main assign-
ments [44–47] given in Table S1 of the Supporting Information.
Overall, the bands for the spray- and dipping-LbL ﬁlms are practically
a simple superposition of the spectra from DODAB and DPPG cast
ﬁlms. The small differences between cast and LbL ﬁlms may indicate
Fig. 2.UV–Vis extinction spectra for the LbL ﬁlms ofDODAB/DPPG: (a) dipping- and (b) spray-LbLﬁlms deposited up to 12bilayers. The linear dependence of (c) absorbance at 200 nmand
(d)mass (QCMmeasurements) as a function of DODAB/DPPG bilayers for dipping- and spray-LbL ﬁlms. For the spray-LbL ﬁlms the deposition was performed on only one side of the sub-
strate, in contrast to the dipping-LbL ﬁlms that were deposited on both sides.
365P.H.B. Aoki et al. / Materials Science and Engineering C 41 (2014) 363–371
weak interaction between DODAB and DPPG. Therefore, electrostatic
interactions between CH3-N+ (DODAB) and PO4− (DPPG) groups ap-
pear not to be the main driving force to grow DODAB/DPPG dipping-
and spray-LbL ﬁlms. This is in contrast to the results for PAH/DPPG
LbL ﬁlms [38], where stronger interactions between DPPG and PAH
leading to larger FTIR spectral changes were found for dipping-LbL
ﬁlms than for the spray-LbL ﬁlms.
For DODAB/DPPG, a shoulder at 1717 cm−1 was observed only for the
spray-LbL ﬁlm, and may be assigned to hydrogen bonds between COO
ester groups andglycerolOHgroupsof adjacentDPPGmolecules, according
to Dicko et al. [45] who reported a shoulder at 1720 cm−1 in the spectrum
of a DPPG Langmuir monolayer using polarization-modulated infrared
reﬂection absorption spectroscopy (PM-IRRAS). Dicko et al. [45] argued
that hydrogen bonding was favored at low surface pressures due to the
higher disorder in the DPPG Langmuir ﬁlm, and therefore one may
hypothesize that aggregates of vesicles in DODAB/DPPG spray-LbL
ﬁlms could lead to a larger disorder. The latter was observed by AFM
and surface-enhanced Raman scattering (SERS)which are discussed next.
In order to complement the discussion on effects from ﬁlm architec-
tures, in subsidiary experimentswith distinct lipids and polyelectrolytes,
we observed that spray-LbL ﬁlms can be grown from either oppositely or
equally chargedmaterials, while dipping-LbLﬁlms could not be obtained
for equally chargedmaterials or with only a single component. In case of
zwitterionic phospholipid, the growth of PAH/DPPC dipping-LbL ﬁlm is
limited to 13 bilayers. [38] Spray-LbL ﬁlms containing multilayers of
PAH(+)/DPPG(−), DODAB(+)/DPPG(−), PAH(+)/DPPC (zwiterionic)
or PAH(+)/DODAB(+) were successfully grown, as displayed in
Fig. S3a. For the oppositely charged materials, the amount of mass
deposited per bilayer is actually larger than the sum of the masses for
individual layers in ﬁlms grown using only one component in Fig. S3b.
This is indicated in Table S2, where the mass deposited per bilayer of
PAH/DPPG and DODAB/DPPG was ca. 20% and 30% higher than the
sum (PAH + DPPG and DODAB + DPPG), respectively. Also shown in
Table S2 is that for the ﬁlm containing the zwitterionic DPPC, the
mass deposited per bilayer was almost the same as the sum of the indi-
vidual layers (PAH + DPPC). As for the spray-LbL ﬁlm obtained with
equally charged materials, which is demonstration itself that electro-
static interactionsdonot governﬁlm growth, themass deposited per bi-
layer is ca. 20% less than the sum of individual layers (PAH + DODAB).
Note also that Table S2 only brings data for spray-LbL ﬁlms since
dipping-LbL ﬁlms could not be built with a single component. In sum-
mary, these results indicate that electrostatic interactions do play a
role but are not the only relevant interaction for building the spray-
LbL ﬁlms studied here. Furthermore, the forces driving spray- and
dipping-LbL ﬁlms of the same materials may differ. The importance of
molecular architecture is also clear by comparingwith data from the lit-
erature. For example, Porcel et al. [48] reported that for poly-glutamic
acid (PGA) and PAH spray-LbL ﬁlms could not be grown when only
one solution (polyanion or polycation) was sprayed onto the substrate.
The latter experiment was performed in different experimental condi-
tions than reported here, generating a molecular architecture where
electrostatic interaction is crucial for the ﬁlm growth.
3.2. The architecture of dipping- and spray-LbL ﬁlms
The structuring of LbL ﬁlms has been studied formany years, with is-
sues such as interpenetration of layers and stratiﬁcation being probed
with neutron scattering and X-ray reﬂectivity measurements [49–51].
Here we used AFM to investigate the morphology of dipping- and
spray-LbL DODAB/DPPG ﬁlms. The AFM images in Fig. 3a and b for 10-
bilayer dipping- and spray-LbL ﬁlms indicate that most of the vesicles
were not destroyed under the experimental conditions used. The pres-
ence of DODAB and DPPG vesicles is evidenced by the spherical-like
structures, with diameters ranging from 50 to 250 nm for dipping-and
from 50 to 140 nm for spray-LbL ﬁlms. According to the proﬁles in
Fig. 3c–d and the histograms with the diameter distributions in
Fig. 3d–e, the average size of the vesicles is ca. 200 nm and 100 nm for
dipping- and spray-LbLﬁlms, respectively.We concluded thatmost ves-
icles were preserved based not only on these AFM images but also on
previous evidence from the literature that the vesiclesmaintain their in-
ternal aqueous phase in LbL ﬁlms [38,52]. Some of the vesiclesmay nev-
ertheless have been either fused or destroyed by the spraying pressure,
as less vesicles are found in the spray-LbL ﬁlm. The shape of the vesicles
was affected considerably for the spray-LbL ﬁlm, with a decrease of ap-
proximately one order of magnitude in the maximum height in Fig. 3c
and d, being 3–6 nm for the spray-LbL ﬁlms (several vesicles were in-
vestigated). The heightmeasured here does not coincidewith the radius
of the vesicle, probably because the vesicles can be embedded into the
ﬁlm and the proﬁles measured are above the vesicle equator. Neverthe-
less, due to the pressure applied during spraying, the vesicles might be
structured as ﬂattened spheroids, as depicted in the cartoons in Fig. 4
with spherical-like structures in dipping-LbL ﬁlms and ﬂattened spher-
oids in spray-LbL ﬁlms. For the same reason, the root mean square
(RMS) roughness decreased from 8.3 nm for dipping-LbL ﬁlms to 0.6
Fig. 3. AFM topographic images in 2 and 3 dimensions for 10-bilayer DODAB/DPPG: (a) dipping- and (b) spray-LbL ﬁlm. AFM vesicle proﬁles recorded for (c) dipping- and (d) spray-LbL
ﬁlms. Histograms for diameter distribution (nm) of vesicles found in (e) dipping- and (f) spray-LbL ﬁlm.
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nm for spray-LbL ﬁlms, for areas with the same size. Such differences in
morphology between dipping- and spray-LbL ﬁlms should be expected
from the literature [18,21].
The AFM images suggest that the DODAB and DPPG structures are
not deposited in stratiﬁed layers in spray-LbL ﬁlms, in contrast to the
dipping-LbL ﬁlms, and this is also depicted in Fig. 4.
Further evidence for the stratiﬁcation (or not) of the multilayers
in the LbL ﬁlms is obtained from SERS for which customized architec-
tures were built. Based on our previous experience with similar LbL
ﬁlms [32,53], we fabricated tetralayers with different supramolecu-
lar architectures, with one layer containing a reporter molecule
whose SERS signal could be distinguished from contributions of the
other layers. The reporter molecule used was the xanthene erythro-
sin, which has high cross section for SERS [54,55], and was chosen
because we also used it in sensing experiments to be discussed
later on. To achieve SERS, one of the deposited layers contained col-
loidal silver nanoparticles (AgNPs). Dipping- and spray-LbL ﬁlms
were built with tetralayers in two sequences: DODAB/DPPG/AgNPs/
erythrosin and DODAB/AgNPs/DPPG/erythrosin. If the ﬁlms are strat-
iﬁed, the SERS effect would be observable for erythrosin only in the ﬁrst
sequence, since in the latter sequence the distance from the AgNPswith
the DPPG spacing layer would hamper SERS. Conversely, if SERS is
obtained for the second sequence, then the tetralayer would not be
stratiﬁed.
In control experiments, we observed SERS in DODAB/DPPG/AgNPs/
erythrosin tetralayers for both dipping- and spray-LbL ﬁlms, since the
erythrosin layer was adjacent to the AgNPs (results not shown). For
DODAB/AgNPs/DPPG/erythrosin tetralayer, however, Fig. 5a shows
that the SERS effect was only obtained for the spray-LbL ﬁlm. For the
dipping-LbL ﬁlm, the signal was very weak, corresponding to the con-
ventional Raman scattering. The signal could nevertheless be assigned
to erythrosin by the similarity in the peaks with the SERS spectrum, as
indicated in the magniﬁed spectrum in Fig. 5a, marked with RS and an
arrow. Therefore, for the dipping-LbL ﬁlm, DODAB and DPPG vesicles
are indeed deposited in stratiﬁed layers, as indicated in the cartoon in
Fig. 4. In contrast, the cartoon for the spray-LbL ﬁlm depicts non-
stratiﬁed layers, consistent with the AFM images in Fig. 3. Fig. 5b dis-
plays the molecular structures proposed for dipping- and spray-LbL
ﬁlms. Note that because the tetralayers are not stratiﬁed in the spray-
LbL ﬁlm, the same architecture could in principle be obtained with
spraying mixtures of the components of the 4 layers.
The inset in Fig. 5a shows a Raman mapping built up by collecting
spectra point-by-point along an area of 80 μm × 80 μm with 2 μm
steps, leading to a total of 1681 spectra recorded for the tetralayer
deposited by spraying. The intensity of the band at 1500 cm−1
(C_C stretching) was plotted along the mapped area where brighter
spots refer to higher intensities. This band intensity varies signiﬁ-
cantly from spot to spot owing to the spatial distribution of AgNPs
(the closer erythrosin-AgNPs, the stronger the SERS signal). There
are a few dark spots where the DPPG vesicles might be positioned
between erythrosin and AgNPs, suppressing the SERS signal, leading
to conventional Raman spectra. An estimation of the enhancement
Fig. 4. Possible supramolecular architectures in dipping- and spray-LbL ﬁlms of DODAB/DPPG. (a) Dipping-LbL ﬁlms: stratiﬁed layers with DODAB and DPPG forming spherical-like struc-
tures. (b) Spray-LbL ﬁlms: non-stratiﬁed layers with DODAB and DPPG forming ﬂattened spheroid structures.
Fig. 5. (a) Conventional Raman and erythrosin SERS spectra collected for dipping- and spray-LbL ﬁlms, respectively, both containing 1-tetralayer of DODAB/AgNPs/DPPG/erythrosin. The
inset shows the Ramanmapping area built by collecting spectra point-by-point along an area of 80 μm× 80 μmwith a step of 2 μm(total of 1681 spectra) and plotting the intensity of the
band at 1500 cm−1. (b) Molecular structures proposed for dipping- and spray-LbL ﬁlms.
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factor can be made by calculating the intensity ratio between a bright
and a dark spot [53], which led to a factor of 104. This is in good agree-
ment with enhancement factors for SERS due to the electromagnetic
mechanism, i.e., the enhancement is basically produced by the electro-
magnetic ﬁeld ampliﬁed surrounding themetal nanoparticle surface in-
stead of changes in the erythrosin polarizability [56]. The latter is
supported by the similarity (wavenumbers and relative intensity pro-
ﬁle) between the erythrosin Raman spectrum (scaled to ﬁt the plot
for an easier visualization) and the erythrosin SERS spectrum. This indi-
cates that erythrosin does not form a complex with AgNPs, i.e. there is
physisorption with no chemical interaction.
3.3. Sensing erythrosin
Erythrosin in aqueous solutions could be detected by sensing units
made with DODAB/DPPG dipping- and spray-LbL ﬁlms deposited onto
Pt interdigitated electrodes. For the sake of comparison, bare Pt elec-
trodes and electrodes coated with PAH/PSS and PAH/DPPG were also
used. Because the electrical properties of solid/liquid interfaces are
highly sensitive to any change in the liquid, the incorporation of increas-
ing amounts of erythrosin caused the capacitance vs. frequency curves
to be altered, as indicated in Fig. S4 in the Supporting Information.
A visual inspection of the data in Fig. S4 points to distinct abilities to
detect erythrosin for the different sensing units, and this can be visual-
ized more clearly in the projection using Sammon's mapping [42] in
Fig. 6, where only the data for the lowest concentrations are shown be-
cause they are themost demanding to distinguish. Signiﬁcantly, the unit
containingDODAB/DPPG spray-LbLﬁlm is far superior to the other ones,
since the distances among the clusters of different erythrosin concen-
trations were much larger than for the other sensing units.
The differences resulting from the distinct molecular architectures
are corroborated by the PCA plots obtained with the capacitance taken
at a ﬁxed frequency for each sensing unit (1 kHz), similarly to previous
works [10,32,52,57]. Fig. 7a shows a PCA plot where the combined re-
sponse of the sensingunits forming a sensor array can distinguish eryth-
rosin solutions down to 1 nM. In order to assess the importance of each
sensing unit for the overall high sensitivity, an empirical test was made
in which PCA plots were obtained by eliminating one of the sensing
units [38,52,57]. The plots were slightly affected when the excluded
sensing unit was the Pt bare electrode or the Pt electrode coated with
PAH/DPPG, PAH/PSS and DODAB/DPPG dipping LbL ﬁlms (results not
shown). However, the PCA plots were signiﬁcantly affected by remov-
ing the DODAB/DPPG spray-LbL ﬁlm, as shown in Fig. 7b, followed by
the PAH/DPPG spray-LbL ﬁlm (result not shown). Indeed, more than
99% of the data are explained by PC1 and PC2 when the sensing unit
formed by DODAB/DPPG spray-LbL ﬁlm is removed. This increase in
the correlation between PC1 and PC2, in relation to PCA plots obtained
considering all sensing units (Fig. 7a), indicates that the sensing unit
composed by DODAB/DPPG spray-LbL ﬁlm presents a higher dispersion
of capacitance data in relation to the other sensing units. The latter is in
agreement with the loading plots exhibited in Fig. 7c and d, which dis-
play the sensing units into a 2D graph according to their similarities.
The closer the sensing units in the loading plot the higher the similarity
among them in the impedance data when immersed in liquid samples
[10,32]. It is seen that the sensing units composed by DODAB/DPPG
followed by PAH/DPPG spray-LbL ﬁlms are the most different sensing
units, in relation to the others. Besides, there is a trend in which the
sensing units are grouped according to the technique employed in
ﬁlm fabrication (dipping or spray-LbL ﬁlms), highlighting the effect of
the supramolecular architecture. Fig. 7d shows a zoomed region
where all sensing units composed by dipping-LbL ﬁlms are brought
together.
A further way to analyze the differences between the two types of
architecture in dipping- and spray-LbLﬁlms is tomodel the electrical re-
sponse of the sensing units using a parallel R-C circuit and to obtain the
Nyquist diagrams (Z′ vs. Z″) [58]. Fig. 8 shows the plots for the DODAB/
DPPG spray (a) and dipping (b) sensing units exposed to the highest
concentrations where the resistance varied almost linearly with the
erythrosin concentration. Signiﬁcantly, while Z′ (i.e. the resistance) in-
creased with increasing erythrosin concentration for the spray-LbL
ﬁlm, the opposite occurred for the dipping-LbL ﬁlm.
The response of the several sensing units could be combined as in an
e-tongue system as indicated in the results in Fig. 7, where distinct
concentrations could be easily distinguished, similarly to the results
in Fig. 6. However, in control experiments we noted that the imped-
ance spectrum for pure water after a series of experiments did not
return to the original one. This means that the ﬁlms were affected
by erythrosin in a way that even several washing procedures were
Fig. 6. Sammon's mapping plot of the impedancemeasurements obtained from the distinct sensing units, whichmay be identiﬁed by the colors in the inset. No axes are shown in the plot
since what matters in this type of projection is the relative distance between data points, with closer points being associated with more similar samples.
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not sufﬁcient to clean the electrodes. Therefore, the data displayed in
Figs. 6 or 7 cannot be used to estimate the detection limit, for exper-
iments will have to be performed with different sensing units for
each erythrosin concentration.
The reason for the irreversible changes in the electrical response of
the sensing units is probably adsorption of erythrosin molecules, simi-
larly to reports in the literature for other analytes [10,32,38,52,59].
This was conﬁrmedwithmicro-Ramanmapping experiments taken be-
fore and after the units were exposed to erythrosinsolutions. Domains
at the ﬁlm surfaces could be found in all sensing units, as shown by
the opticalmicroscopy in Fig. 9a for the DODAB/DPPG spray-LbL sensing
unit. The chemical identiﬁcation of the domains could be made by
superimposing a Raman mapping to the optical microscopy in Fig. 9b.
The point-by-point mapping was obtained by collecting Raman spectra
in an area of 80 μm· 80 μmwith a step of 2 μm, leading to a total of 1681
spectra. The intensity of the band at 1500 cm−1 (C_C stretching) was
plotted and brighter spots refer to more intense Raman signal.
The Raman spectra collected are attributed to erythrosin [60,61],
consistent with the spectrum for erythrosin powder in Fig. 9c. It should
be noted that DODAB and DPPG possess low cross sections for Raman
scattering using the 633 laser line and do not exhibit Raman signal for
these thin ﬁlms [32,38,53,62]. The intensity of the Raman band at ca.
1500 cm−1 for the erythrosin micrometer domain follows the domain
spatial distribution according to the optical image, i.e., the Raman signal
is stronger where the erythrosin domain is clearly seen in the optical
image. Therefore, thismorphological change on theﬁlm surface induced
Fig. 7. PCA plots with capacitance at 1 kHz for (a) all sensing units and (b) excluding the (DODAB/DPPG)5 spray-LbL sensing unit. (c) loadings for PC1 vs PC2 and (d) zoom of the region
circulated by the dashed line.
Fig. 8. Nyquist diagram with experimental and ﬁtting (parallel R-C circuit) results for DODAB/DPPG spray (a) and dipping (b) sensing units.
369P.H.B. Aoki et al. / Materials Science and Engineering C 41 (2014) 363–371
by adsorption of erythrosin molecules is responsible both for the high
sensitivity reached by the sensing units and the irreversible changes in
the electrical response.
4. Conclusion
The LbL ﬁlms of DODAB/DPPG vesicles produced by conventional
dipping and by spray exhibit distinct architectures. The vesicles are
ﬂattened on spray-LbL ﬁlms, which are not properly stratiﬁed,
while stratiﬁed LbL ﬁlms are obtained with dipping. Such differences
in architecture were also reﬂected on the electrical response of the
LbL ﬁlms deposited onto Pt interdigitated electrodes when im-
mersed into aqueous solutions of erythrosin. The sensing units are
highly sensitive to trace amounts of erythrosin, probably because
the latter are adsorbed on the ﬁlm surface as demonstrated. A further
possibility to be exploited is to use SERS, as the results discussed here
point to a high sensitivity that can be achieved with suitable substrates.
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